As feature sizes on microelectronic integrated circuits (ICs) continue to diminish, layered materials on the device must maintain their performance with decreasing thickness. Efforts to minimize the RC time delay have resulted in a change in the metallization schemes from aluminum-copper (Al-Cu), tungsten (W), and silicon oxide (SiO 2 )-based interconnects to Cu and low-dielectric constantbased interconnects. 1 The advantages of Cu are lower bulk resistivity (q Cu $ 1.67 lX cm and q Al $ 2.65 lX cm), greater resistance to electromigration, and smaller contact resistance on many materials. 2 Despite these advantages, the use of Cu-based metallization has been limited by the high diffusivity of Cu in Si (D Cu $ 2 Â 10 À5 cm 2 /s at 500 C) 3 causing degradation of device performance by affecting contact resistance, barrier height, p-n junctions, contact layers, and electrical connections. 4 Hence, an effective diffusion barrier is required for Cu interconnect technology.
The required properties for diffusion barriers include amorphous microstructure, good step coverage, low resistivity, low temperature deposition, minimal halide incorporation, and negligible pitting of the underlying Cu line. The efficacy of both WN x and WN x C y as a diffusion barrier has been demonstrated for film growth by CVD and ALD. [5] [6] [7] [8] films are reported to be mechanically and thermodynamically stable, have relatively low resistivity, be compatible with chemical mechanical planarization (CMP) processing, and have readily available precursors for CVD. 9, 10 The related material tungsten carbonitride is reported to exhibit good resistance to diffusion, relatively low resistivity, and good adhesion to Cu. 8, 11 We have previously reported deposition of WN x and WN x C y films from the single-source precursors, Cl 4 (RCN)W(N i Pr) (R ¼ CH 3 , Ph), Cl 4 (RCN)W(NPh) (R ¼ CH 3 , Ph) and Cl 4 (RCN) W(NC 3 H 5 ) (R ¼ CH 3 , Ph). [12] [13] [14] [15] In addition to depositions from these complexes as single-source precursors, they can also be used in coreactant systems with NH 3 as a N source. Films deposited in the presence of NH 3 exhibit higher N levels than those deposited using H 2 carrier gas. 16 Recently, we reported preparation of the diorganohydrazido(2-) tungsten complexes Cl 4 (CH 3 CN)W(NNR 2 ) (1: R 2 ¼ -(CH 2 ) 5 -; 2: R 2 ¼ Ph 2 ; 3: R 2 ¼ Me 2 ) and Cl 4 (pyridine)W(NNPh 2 ) (4) by reacting the corresponding 1,1-diorganohydrazines H 2 NNR 2 with WCl 6 followed by treatment with acetonitrile or pyridine. 17 These derivatives of the imido complexes Cl 4 (RCN)W(NR´) were designed to increase N levels in the films and utilize internal reduction of the W center by the hydrazido ligand as a surrogate for introduction of 1,1-dimethylhydrazine into the carrier gas, a technique previously reported for deposition of metal nitride films. [18] [19] [20] We now report the growth of WN x C y from the tungsten piperidylhydrazido precursor Cl 4 (CH 3 CN)W(N-pip) (1) as a single-source precursor. 17 It should be noted that the transition metal carbides and nitrides are used in a variety of applications since they often show high electrical and thermal conductivity along with a high melting temperature (2000-4000 C), good corrosion resistance, and extreme hardness. 21 These properties also make them suitable for a variety of applications including structural materials at extreme conditions as well as protective coatings. There has been interest in tungstenbased carbides and nitrides since their properties can be varied by phase selection and mixing. In particular their catalytic properties enjoy similarities to the noble metals and show effectiveness as catalyst and electrode materials.
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Experimental Cl 4 (CH 3 CN)W(N-pip) (1).-Complex 1 was prepared as described in the literature. 17 Single crystals suitable for x-ray diffraction were obtained by layering a methylene chloride solution of 1 with an equal amount of pentane followed by cooling to À25 C.
Crystallographic structural determination of Cl 4 (CH 3 CN)W(Npip) (1).-Data were collected at 173 K on a Siemens SMART PLATFORM equipped with a CCD area detector and a graphite monochromator utilizing Mo Ka radiation (k ¼ 0.71073 Å ). Cell parameters were refined using up to 8192 reflections. A full sphere of data (1850 frames) was collected using the x-scan method (0.3 frame width). The first 50 frames were re-measured at the end of data collection to monitor instrument and crystal stability (maximum correction on I was <1%). Absorption corrections by integration were applied based on measured indexed crystal faces.
The structure was solved by the Direct Methods in SHELXTL6, 24 and refined using full-matrix least squares. The non-H atoms were treated anisotropically, whereas the H atoms were calculated to be in their ideal positions riding on their respective C atoms. A total of 137 parameters were refined in the final cycle of refinement using 2948 reflections with I>2r(I) to yield R 1 and wR 2 of 2.03 and 5.41%, respectively. Refinement was done using F 2 .
Film growth.-Thin films were deposited using a custom-built, cold-wall quartz CVD reactor system with vertical geometry. Boron-doped p-type Si(100) substrates with resistivity of 1-2 X cm were used in all studies. Prior to deposition, the Si substrate was degreased using a trichloroethylene, methanol, and acetone sequence on a heated hot plate for 3 min each. Buffered oxide etch (6:1 ammonium fluoride and HF) was used to etch the native surface oxide to leave a dihydride terminated Si(100) surface that is relatively stable in air.
Due to the low volatility of the precursor 1, aerosol-assisted CVD (AACVD) was used for film growth. 14 The solid precursor 1 in benzonitrile (PhCN) solution (8.1 mg/ml) was pumped into a nebulizer from a gas-tight syringe. A quartz plate in the nebulizer, vibrating at a frequency of 1.44 MHz, formed a precursor aerosol that was transported to the reactor by H 2 carrier gas. The precursor aerosol in H 2 carrier was delivered to the substrate through a showerhead positioned 6 cm above the substrate.
A graphite susceptor was heated by radio-frequency (rf) induction coils in the temperature range 300-700 C in intervals of 50 C. The operating pressure was maintained at 350 Torr. H 2 (99.999%, Airgas) was used as a carrier gas with a flow rate of 1000 sccm and deposition time for film growth was 150 min.
The chemical composition of the film and the chemical bonding states of the elements in the film were determined by x-ray photoelectron spectroscopy (XPS) using a Perkin-Elmer PHI 5600 ESCA system. XPS spectra were obtained by monochromatic Mg Ka ionizing radiation (1254 eV) with the x-ray source operating at 300 W (15 kV and 20 mA). Ar þ ion was used for sputtering during measurement of the chemical composition as a depth profile. Prior to XPS measurement, the as-deposited samples were Ar þ ion sputtered for 10 min to remove residual surface contamination. The film microstructure was characterized by x-ray diffraction (XRD) using a Philips APD 3720 system, operating with Cu Ka radiation (40 kV and 20 mA). XRD was performed from 30 to 80 2h and the step size was 0.02 2h per step. The deposited film thickness was measured by cross-sectional scanning electron microscopy (SEM) using a JEOL JSM-6335F. The sheet resistance was measured with an Alessi Industries four-point probe.
Diffusion barrier testing.-Cu of 100 nm thickness was deposited on the WN x C y films (40 nm thick) by reactive sputtering using a Kurt Lesker CMS-18 multi-target sputter deposition system. The Cu/WN x C y /Si stacks were then annealed in the CVD reactor for 30 min at 500 C under N 2 (99.999%, Praxair) to protect the Cu layer from oxidation. After annealing, the diffusion barrier was analyzed by XRD measurement for structure, etching to reveal Cu in Si, and Auger electron spectroscopy (AES) to measure composition profile. XRD measurement was used to detect Cu 3 
Results and Discussion
X-ray crystallographic study of Cl 4 (CH 3 CN)W(N-pip) (1).-Single crystals suitable for x-ray diffraction were obtained from compound 1 and subjected to x-ray crystallographic structure determination (Table I ). The solid state structure of 1 reveals the W metal center in a distorted octahedral geometry (Fig. 1) . Four Cl atoms occupy the basal positions with the W-Cl bonds averaging 2.34 Å (Table II) , which is within the expected range for W(VI)-Cl bonds. 25 The diorganohydrazido(2-) ligand is strongly bound to the central metal atom as indicated by a short W( (3) Å is significantly shorter than those reported for related tungsten imido compounds, 13 suggesting a decreased trans influence of the diorganohydrazido(2-) ligand compared to the imido moiety.
Preliminary precursor screening.-Multiple spectroscopic techniques were applied to evaluate the viability of 1 as a precursor for WN x C y deposition. 17 Kinetic data obtained by 1 H NMR spectroscopy confirmed an expected weak bond between the acetonitrile ligand and the metal center. Accordingly, thermal behavior studies of 1 via thermogravimetric analysis (TGA) showed a drop in mass corresponding to loss of the acetonitrile ligand at approximately 100 C. Positive-ion chemical ionization (CI) mass spectrometry was performed to obtain some insight into the fragmentation behavior of 1. The absence of molecular ion peaks is also in good agreement with lability of the acetonitrile ligand. Mass envelopes containing the piperidine moiety ([pip] þ and [H 2 pip] þ ) were observed in high abundance, suggesting that cleavage between the two 
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hydrazido N atoms is facile under high energy conditions (ionization during MS or pyrolysis during CVD).
Film structure.-The XRD spectra of the films (Figs. 2a-2b) show amorphous and polycrystalline microstructure for films deposited at 300 and 700 C, respectively. The four characteristic polycrystalline peaks exhibit locations that are well matched with a twophase mixture of b-W 2 N and b-WC 1-x or their solid solution b-WN x C y with the same face-centered-cubic (fcc) structure. The XRD spectra contain no reflections characteristic for films deposited from 300 to 450 C, indicating that amorphous structures were present. The set of peaks appearing in the spectra of material deposited from 500 to 700 C indicates polycrystalline material with no preferred crystal orientation. Primary peaks at 37.24 and 42.98 2h are consistent with (111) and (200) orientation, while the other peaks at 62.58 and 74.98 2h are from (220) and (311) oriented crystals, respectively. The XRD spectra in Fig. 2c show evolution of film crystallinity with increasing deposition temperature. As the deposition temperature increases to 700 C, the (111) and (200) b-WN x C y peaks sharpen, consistent with formation of larger crystallites at higher deposition temperature. All films show three additional sharp peaks at 33.08, 61.76, and 69.14 2h
, arising from Si(200) Ka, Si(400) Kb, and Si(400) Ka radiation, respectively. Additionally, all films displayed one peak at 65.99 2h
, representing W La radiation, originating from deposition of W on the target due to evaporation of the W filament. 28 The ability to deposit amorphous films of WN x C y at low temperature is critical for diffusion barrier applications since the formation of polycrystalline films facilitates diffusion of Cu to the underlying Si via the grain boundaries.
Chemical composition.-XPS results for chemical composition (Fig. 3) confirm the presence of W, N, C, and O in the films. No Cl contamination was observed within the detection limit of XPS ($1 atom %). The W content is highest between 450 and 500 C, while the N, C, and O levels are fairly steady in this range. From 300 to 400 C the C level is below 10 atom %, and the lowest level is 6 atom % for deposition at 400 C. Between 500 and 700 C, the C Figure 1 . Thermal ellipsoids diagram of the molecular structure of Cl 4 (CH 3 CN)W(N-pip) (1). Thermal ellipsoids are drawn at 50% probability. H atoms are omitted for clarity. level increases gradually from 15 to 67 atom %. The overall trend for C content is consistent with increased decomposition rate of hydrocarbon groups in both the precursor and the solvent as the growth temperature increases, leading to C incorporation into the film. As the deposition temperature increased from 300 to 400 C, the N level increased from 10 to 18 atom %. However, above 500 C, N levels decrease as a consequence of increased competition from C. When the deposition temperature reaches 700 C, the N level has declined to 5 atom % concomitant with a steep rise in C levels at this high deposition temperature. Typically, refractory metal nitride diffusion barriers show decreasing N levels with increasing deposition temperature due to N 2 desorption. [29] [30] [31] [32] Films deposited at 300 C show greater than 20 atom % O, but decreased significantly to 14 atom % at 450 C. As the deposition temperature increased from 450 to 700 C, the O level decreased gradually to 5 atom %. A decrease in the O levels at higher deposition temperature is consistent with the increase in grain size because oxygen is introduced into the film by post-growth diffusion. 33 As the deposition temperature increases and the film starts to crystallize, the average grain size increases and the microstructure becomes denser, inhibiting post-growth O interdiffusion into the lattice of the film. 34 Chemical bonding states.-XPS was used to measure the binding energy (BE) of atoms in the films (Fig. 4) . The W 4f photoelectron line is a doublet due to spin orbit splitting into the W 4f 7/2 and W 4f 5/2 , while the N 1s, C 1s, and O 1s photoelectron lines show a single peak. Figure 4a illustrates the evolution of XPS spectra in the W 4f BE region as the deposition temperature changes. The major W 4f 7/2 and W 4f 5/2 peaks at 400 C are at 31.6 and 33.5 eV, which are close to values for WC x and WN x ( Table III) . The values are between the reference peaks of WN x and WC x , indicating W is bonded to both C and N. These two values are also higher than those for metallic W and lower than those for WO 3 , ruling out these two phases. As the deposition temperature rises to 700 C, the BE increases to 31.8 and 33.8 eV, which correspond to WC x and WN x , respectively. This slight increase in BE due to charging has been reported for C-rich samples deposited at higher temperature. 16 For material deposited at 300 C, the BE more closely resembles that of WO 3 but shifts toward values for WC x or WN x as the deposition temperature increases to 350
C. This indicates a change of chemical bonding states from one dominated by WO 3 to WC x and WN x phases as the deposition temperature increases from 300 to 700 C. The competition between N and C for bonding to W is of interest for both the electrical properties and barrier quality. Figure 4b illustrates the change of the XPS spectra in the region of the N 1s BE as the deposition temperature changes. The N 1s peaks are observed at 397.3 eV, which is the reported value for WN x (Table III) , indicating that the N in the films is bound in the WN x phase. The presence of N at grain boundaries can be excluded due to a single N 1s peak without appearance of a second peak near 399 eV. The maximum N intensity is seen in the spectra of films deposited at 400 C, which is consistent with the high N level in those films. Figure 4c indicates the evolution of the XPS spectra in the region of the C 1s BE as the deposition temperature changes. As the deposition temperature increases to 700 C, the C 1s peaks exhibit higher intensity. At lower deposition temperature, C 1s peaks occur at 283.1 eV, while at higher temperature, the C 1s peaks are shifted to higher BE. Between 300 and 600 C, the BE is lower than that reported for amorphous C, indicating WC x coexists with WN x . At a growth temperature greater than 600 C, the BE is higher than that of WC x , indicating amorphous C forms. Deconvolution of the broad C 1s peak at 700 C in Fig. 4c yields two separate peaks at 283.1 and at 284.5 eV. The peaks at the lower BE are attributed to C in the b-WN x C y bonding states, while the peaks at higher BE are consistent with amorphous C present outside of the b-WN x C y nanocrystals. For deposition at temperature higher than 650 C, a small portion of amorphous C is present in the films, along with WC x and WN x . As the deposition temperature increases to 700 C, considerably more amorphous C coexists with WC x in the film.
Oxygen is not intentionally added to the film but was present in all films examined. The source of oxygen is likely from exposure to air after growth, but impurities in the source and carrier gas as well reactor leaks or wall desorption are possible routes. Figure 4d indicates the dependence of the XPS spectra in the region of the O 1s BE as the deposition temperature changes. The O peaks were observed near 530.5 eV, which is consistent with the presence of WO 3 (Table III) . O levels are at their maximum values in the low temperature film growth due to lack of film crystallization and C incorporation. As the deposition temperature increases to 700 C, the film density increases by film crystallization and the grain boundaries are infiltrated with C. Lattice parameter.-The lattice parameter was determined by XRD using the 2h position of the b-WN x C y (111) diffraction peaks (Fig. 5) . The b-WN x C y peak position was calibrated to the Si(400) diffraction peak at 69.14 2h
. The dashed line at 4.126 Å indicates the value of the standard lattice parameter for b-W 2 N and the dashed-dot line at 4.236 Å indicates the value of the standard lattice parameter for b-WC 1-x . The lattice parameter tends to increase as the deposition temperature increases from 500 to 650 C. The change is consistent with a composition change in the polycrystals as C is incorporated into the b-WN x C y structure. As indicated by the chemical composition (Fig. 3) , the C level continues to increase with deposition temperatures above 500 C. Between 650 and 700 C, the lattice parameter decreases. In this range, the C level increases and W decreases with almost no compositional change in N and O. The decrease in lattice parameter between 650 and 700 C suggests limited solubility for C in b-WN x C y polycrystals. 12 These results are consistent with the chemical bonding states assigned in Fig. 4c , where the C 1s peak in this range is shifted to higher BE and has a broad peak that can be deconvoluted into two separate peaks. The lattice parameter decreases between 650 and 700 C because C exists at the grain boundary, not in the b-WN x C y polycrystals.
Average grain size.-Average grain size was calculated using Scherrer's formula. 28 The most dominant b-WN x C y (111) diffraction peak of the four characteristic polycrystalline peaks was used to determine the FWHM as the reference peak for use in the calculation. The polycrystalline grain size shows a maximum at 600 C in the temperature range 500-700 C. The average grain size (Fig. 6 ) increases between 500 and 600 C, varying from 31 to 47 Å and then decreases to 39 Å at 700 C.
Electrical resistivity.-The variation of film resistivity with deposition temperature (Fig. 7) is complex, showing the lowest measured value of 0.9 mX cm at 550 C. These variations in film resistivity value with temperature are believed to result from interplay of crystallinity, C content, O content, and film thickness between 500 and 700 C. The highest film resistivity is 9.4 mX cm for films deposited at 350 C. The increased film resistivity is consistent with the high N level in those films due to the higher resistivity for b-
Sheet Resistance.-Film resistivity depends on both the sheet resistance and thickness of the film. The sheet resistance as a function of deposition temperature is shown in Figure 8 to decouple the influence of film thickness on electrical properties. The sheet resistance increases sharply with deposition temperature from 370 X/h at 300 C to 1480 X/h at 350 C. The higher sheet resistance at lower deposition temperature (300-350 C) is due to higher WO x content than b-WN x and b-WC x . As deposition temperature increases to 550 C, the sheet resistance decreases to 60 X/h due to lower O and higher C content. The value of the sheet resistance fluctuates with increasing deposition temperature above 550 C, but eventually stabilizes near 70 X/h at 700 C.
Film growth rate.-As summarized in Figure 9 , the film growth rate as determined by cross-sectional SEM is in the range 2.7-29.4 Å /min. The results below 600 C indicate two competing rate- limiting processes. The region with the shallow slope is consistent with mass transfer limited growth between 450 C and 600 C. The region with the steeper slope (300 and 450 C) is a consistent with a reaction controlled growth mechanism with apparent activation energy of 0.28 eV. For films deposited between 650 and 700 C, the growth rate increased significantly suggesting a change in the growth mechanism in this temperature range. This observation was supported by the detection of amorphous C at deposition temperature above 600 C.
Diffusion barrier testing.-Diffraction patterns, etch-pit densities in Si, and AES depth profiles were used to detect Cu transport through the barrier film. XRD measurement (Figure 10 ) was used to search for formation of Cu 3 Si, which occurs after barrier failure on Si substrates. The XRD spectra show no Cu 3 Si peaks in the region of 44-46 2h . Only the Cu(111) peak is observed on as-deposited samples. After annealing at 500 C for 30 min under N 2 , three Cu reflections are observed: Cu(111) at 43.44, Cu(200) at 50.80, and Cu(220) at 74.42 2h
. 35 These data indicate that Cu recrystallizes during the annealing step to give an increased intensity of the Curelated textures due to nucleation of the new grains or growth of preexisting ones in the Cu/WN x C y stacks. 36 The etch-pit test was also used to search for Cu 3 Si on the Si surface, which would be evident if there were Cu transport through the barrier. SEM images of the Si surfaces ( Figure 11) show results of the etch-pit test on samples before and after annealing. The absence of observable etch-pits in either sample indicates that no Cu was interdiffused or intermixed, and the barrier did not fail upon annealing under N 2 at 500 C for 30 min. If there had been Cu transport through the barrier, defects caused by the formation of Cu 3 Si on Si substrate would preferentially etch revealing inverted pyramidal pits. AES depth profiling ( Figure 12 ) shows only negligible background signals for Cu where there is no Cu transport. The sharp interface between WN x C y and Si indicates that there is no detectable Cu signal at this interface. Thus, WN x C y deposited at 400 C is a suitable Cu diffusion barrier material.
Conclusions
The tungsten piperidylhydrazido complex Cl 4 (CH 3 CN)W(N-pip) (1) was used as a single-source precursor for film growth of WN x C y to investigate the film properties for diffusion barrier applications. XRD results suggest that films deposited at temperature below 500 C are x-ray amorphous and films deposited at higher temperature are polycrystalline. XPS probing of the W 4f bonding state is consistent with W present in WN x C y and WO 3 . For films deposited at the low end of the temperature range, WO 3 predominates, which is likely related to air exposure to these films of lower crystallinity. As the deposition temperature increases, WN x C y becomes the dominant W species. XRD spectra, however, do not show reflections attributable to WO 3 . The XPS data on the N 1s bonding state suggest that N is present in WN x , while results on the C 1s bonding state indicate that C is present in WC x and amorphous C. For depositions at temperatures higher than 650 C, amorphous C coexists with WC x . The XPS data on the O 1s bonding state suggest that O is present in WO 3 and the O levels are the highest for growth temperatures below 400 C. As the deposition temperature varies, the film growth rate changes from 2.7 to 29.4 Å /min, with the transition from a kinetically controlled growth regime to a mass transfer controlled regime occurring near 550 C. Film sheet resistance changes with interplay between the crystallinity, C content, O content, and film thickness. The WN x C y films were evaluated to determine their suitability as Cu diffusion barriers. WN x C y deposited from 1 at low temperature showed no evidence of Cu transport to the underlying Si substrate after annealing under N 2 at 500 C for 30 min. It is thus concluded that this material is a viable Cu diffusion barrier material. 
